Abramson AL. Recurrent respiratory papillomatosis: a complex defect in immune responsiveness to human papillomavirus-6 and -11. APMIS 2010; 118: 455-470. Recurrent respiratory papillomatosis (RRP) is a rare disease of the larynx caused by infection with human papillomaviruses (HPV) -6 or -11, associated with significant morbidity and on occasion mortality. Here we summarize our current understanding of the permissive adaptive and innate responses made by patients with RRP that support chronic HPV infection and prevent immune clearance of these viruses. Furthermore, we provide new evidence of T H 2-like polarization in papillomas and blood of patients with RRP, restricted CD4 and CD8 Vb repertoires, the effect of HPV-11 early protein E6 on T-cell alloreactivity, enriched Langerhans cell presence in papillomas, and evidence that natural killer cells are dysfunctional in RRP. We review the immunogenetic mechanisms that regulate the dysfunctional responses made by patients with RRP in response to HPV infection of the upper airway. In addition, we are identifying T-cell epitopes on HPV-11 early proteins, in the context of human leukocyte antigen (HLA) class II alleles enriched in RRP that should help generate a therapeutic vaccine. Taken together, RRP is a complex, multigene disease manifesting as a tissue and HPV-specific, immune deficiency that prevents effective clearance and ⁄ or control of HPV-6 and -11 infection.
INTRODUCTION Epidemiology of RRP
HPV infection causes RRP -Recurrent respiratory papillomatosis (RRP) is a disease predominately caused by human papillomaviruses (HPV)-6 and -11 (1) (2) (3) (4) . These HPV types are part of a family of ubiquitous HPV viruses to which virtually all individuals have been exposed (5, 6) . It is estimated that 5% of all individuals have evidence of HPV infection in the larynx (7) , yet have no sign of clinical disease. HPV-6 and -11 cause benign lesions in the airway and skin, and are classified as 'low-risk' HPVs, compared with the 'high-risk' HPV-16 and -18, that cause the majority of cervical cancers (8) . Additionally, HPV-11 may have a more aggressive clinical course and is associated with patients of younger age compared with those infected with HPV-6 (9, 10), although this is controversial (7).
Age, gender, incidence, and prevalence of patients with RRP -The distribution of cases of RRP is bimodal with an initial peak in childhood and a second peak in adulthood in the age range of 20-40 years. Children with RRP are most often diagnosed at 2-3 years of age (4, 11) . In children, the male-to-female ratio is approximately equal (12) ; however, in adults, the male-to-female ratio is estimated to be 4:1 (12) . Childhood onset for RRP is more common and more aggressive than in adults (12) . Most children with RRP are the first born of young mothers and are from families with low economic status (13) , while other studies have shown no association with socioeconomic status (14) . Based on a survey of otolaryngologists in the United States, an estimate of the number of new cases of childhood-onset RRP has been reported as 1500-2500 each year (15) . The incidence in the United States among children <14 years of age is estimated to be 4.3 ⁄ 10 5 (15) and among adults, 1.8 ⁄ 10 5 (16) . In addition, the prevalence of juvenile RRP reported in two U.S. centers (Seattle and Atlanta) was 1.69 ⁄ 10 5 and 2.59 ⁄ 10 5 , respectively, in the year 2000 without significant differences when stratified by sex or race (4) . Extrapolation from these estimates to the U.S. population suggested that 80-1500 incident cases and 700-3000 prevalent cases of juvenile RRP occurred in 1999 (4) . An estimate of the annual incidence of pediatric RRP in Denmark was 0.4 ⁄ 10 5 for children less than 20 years of age (17) and 0.6 ⁄ 10 5 for children less than 14 years old (18) . As patients can require as many as 100 surgical procedures to maintain a patent airway (19) (20) (21) , roughly 15 000 surgical procedures are performed each year for patients with RRP at an estimated cost of greater than $100 million US dollars ⁄ year (16, 22) .
Disease severity of patients with RRP -RRP can cause significant morbidity and on occasion mortality, secondary to the strategic location of papillomas in the airway, infrequent extension of disease into the trachea and lungs (21, 23) and more infrequent, malignant transformation (24, 25) . Patients with RRP have a variable course of disease, with some cases never recurring after the first presentation, others having a mild disease that rarely recurs, and still others developing a severe disease with frequent recurrences of papillomas that require surgical removal as often as every 3-4 weeks.
Thus, to associate immunologic parameters with disease severity, we subdivided RRP into two categories, severe and mild-moderate disease, based on extent of disease at the time of surgery and the frequency of recurrence. At each surgery, the number of disease sites, the anatomic surface area of disease, and the extent of luminal obstruction are documented to yield a composite score as described previously (26) . This composite score is divided by the number of days that had elapsed since the previous surgery to yield a growth rate, which is a measurement of disease severity. The mean growth rate from multiple surgeries is used to define the overall severity score for an individual patient. An overall disease severity score of ‡0.06, or the presence of tracheal extension, is defined as severe disease. An overall severity score of <0.06 and the absence of tracheal extension are defined as mild-moderate disease (21, 26, 27) . This scoring system has been used throughout all of the clinical studies at the Long Island Jewish Medical Center and was developed using a large cohort of patients (n > 150) (26) . There is clinical variability between patients, but only rarely observed within a given patient (1) (2) (3) 21) . Because there is minimal variation in patients' scores over time, using the mean score for this large number of patients further improves the reliability of this variable (28) .
RRP, an immunologic enigma -It is estimated that 5% of the general population without evidence of RRP has detectable HPV DNA in their larynx (7) . Thus, it remains unclear why a very small fraction of HPV-exposed individuals develop RRP (7), and why still fewer develop an unrelenting and severe course of disease. A central question that needs to be answered is: 'How does the complex innate and adaptive immune response made by patients with RRP to infection with HPV-6 and -11 differ from that of individuals who are also infected with these HPVs but never develop RRP?' It is clear that patients with RRP mount an immune response that is initially manifest by the production of measurable serum antibodies to these viruses (29) (30) (31) (32) . This documents immune recognition of these viruses by patients with RRP, which refutes the contention that these HPVs induce a 'subliminal' immune response resulting in 'clonal ignorance' that prevents an appropriate innate and adaptive immune response to these viruses. More likely, these patients establish 'low-level' tolerance (33) to the initial HPV-6 or -11 infection and respond to small amounts of HPV proteins expressed by HPV-infected keratinocytes, and based on their genetic predisposition, develop an exaggerated tolerogenic response to these viruses, rather than anti-HPV responses that effectively clear or contain them. Thus, understanding the mechanism(s) by which HPV-6 and -11 polarize the immune response towards tolerance in RRP, as opposed to the development of cell-mediated immune clearance of these viruses, is critical in developing novel therapies that would prevent disease recurrence and ⁄ or reduce disease severity.
Early attempts at immune-based therapy have largely been centered around clinical trials of a-interferon (IFN-a). These studies showed that disease-free intervals could be obtained on this therapy, but could not be sustained long-term (34, 35) , and thus suggested that patients with RRP may not generate a sufficient IFN-a response to HPV infection. They also implicated a defect in innate immunity in RRP, given that plasmacytoid dendritic cells (DCs) are a major source of IFN-a (36) . In addition, more recent studies have confirmed the short-term benefits of IFN-a therapy, yet this beneficial effect may be outweighed in patients infected with HPV-11 because they show poor long-term response to IFN-a, and they appear to have a higher incidence of malignant conversion following therapy, compared with those infected with HPV-6 (37, 38) . Abramson, personal communication) . This suggests that the local HPV-specific immune responses that are permissive of chronic HPV-6 and -11 infection in the airway are likely 'site specific' and thus, restricted in that anatomic site and are not common to other mucosal sites, such as the endocervix, where HPV-16 and -18 commonly cause disease. Thus, these immune defects in controlling HPV-6 and -11 infection in the airway are not likely to be transferred to other mucosal sites, as the incidence of chronic HPV infection in different epithelial sites in the same individual has not been described to our knowledge.
Model of the polarized immune responses made to HPV-6 and -11 in RRP -We hypothesized that an inhibitory cycle of immunocytes composed of several T-cell subpopulations, macrophages, and dendritic cells that produce inhibitory and regulatory cytokines and chemokines, together block effector helper type I CD4 + T-cells (T H 1-like) responses to HPV-6 and -11 in the upper airway in patients with RRP (see Fig. 1 (28, (39) (40) (41) (42) (43) (44) (45) , and that of others (46, 47) . Not shown in Fig. 1 is the role of innate immune cells such as NK cells and their KIR gene products that have been recently described (45) . NK cells are present in papillomas, yet fail to clear keratinocytes with absent HLA class I expression (28) . Our previous reports showed that HPV-11 E7 likely suppresses HLA class I expression by blocking transporter associated with antigen presentation (TAP) function (20) , yet NK recognition and ⁄ or cytolysis of these HLA class I-deficient keratinocytes is impaired in RRP (see below).
HPV prevents an effective anti-viral T-cell responseRecent observations suggest that HPVs are part of the commensal microflora of human epithelia, held in check by a competent immune system, that can be activated under immunosuppressive conditions (5). However, some individuals infected with HPV-6 and -11 make immune responses that support chronic HPV infection. Indeed, the immunologic hallmark of HPV-induced diseases, including RRP, cervical cancer, and skin warts, is the conspicuous absence of HPV-specific, cytotoxic T lymphocytes (CTL), and T H 1-like that secrete inflammatory cytokines such as IFN-c, IL-2, and tumor necrosis factor-a. While T H 1-like T-cells are critical in generating effective anti-viral T-cell responses (48, 49) , other T-cell populations suppress the inflammatory responses induced by T H 1-like cells by expressing IL-4. These T H 2-like and regulatory CD4 + T-cells can also express the immunoregulatory cytokines, IL-10 and TGF-b, as do suppressor CD8
+ T-cells (T C 2-like cells) that also suppress T H 1-like CD4 + T-cells (49) (50) (51) (52) (53) . The identification of these T H 2-like and regulatory CD4 + Tcells and their function are discussed below.
The adaptive T H 1-⁄ T H -2 cytokine balance in RRP -We have shown that RRP is a T H 2-like disease characterized by the polarized expression of a T H 2-like repertoire of cytokines by tumor-infiltrating lymphocytes (TILs) in papillomas, and by peripheral blood mononuclear cells (PBMC) exposed to autologous papilloma tissues (39, 40) .
Cytokine expression by papilloma cells and
TILs. Previously, we showed that IL-4 and IL-10 were dominantly expressed, compared with IFN-c, in papillomas from patients with RRP. This imbalance correlated with disease severity (39) . More recently, we have shown a predominance of T H 2-like chemokines in papillomas (43) and blood (41) of patients with RRP (see Bias of innate immunity in RRP).
In PBMC from patients with RRP, greater concentrations of E6 protein were required for the expression of cytokine profiles, compared with controls. Specifically, a larger concentration of E6 proteins was needed to trigger T H 1-like cytokines (IL-12, IL-18, IFN-c). In contrast, there was no difference in the expression of IL-4 by patients and controls in response to E6 (40) . Differences in IL-12, IL-18, and IFN-c expression were highly significant compared with differences observed in IL-10 expression in patients, compared with controls (40) . Thus, responses to E6 made by PBMC from patients with RRP were polarized away from a T H 1-like cytokine (IL-12, IL-18, IFN-c) repertoire, and biased towards a T H 2-like ⁄ T-regulatory cytokine (IL-4 ⁄ IL-10) profile (40) . In ELISPOT experiments, PBMC from patients with RRP exposed to E6 proteins induced T-cells, and many more non-T-cells that expressed IL-10 compared with those from controls. However, the number of IFN-c-secreting cells responding to E6 challenge was comparable between these patients and controls (40) . These findings support the hypothesis that memory T H 2-like T-cells and non-T-cells likely exist within an immunosuppressive cycle of immunocytes that support papilloma recurrence and chronic HPV infection (see Fig. 1 ).
To determine if there were differences in the expression of T H 1-⁄ T H 2-like, and T-regulatory cytokine repertoires in papillomas when T-cells were present, we performed semiquantitative, cytokine-specific RT-PCR (see Table 1 ). The cytokine profiles expressed by two biopsies from different papillomas, one containing T-cells (CD3-d mRNA positive) and another without T-cells (CD3d mRNA negative), are shown in Table 1 + and CD8 + T-cells from PBMC were stained for intracytoplasmic IL-4 expression using standard methods (54) , and then analyzed by flow cytometry (see Fig. 2 ). T-cells were studied immediately after surgical excision, or after 14 days in culture, as reported previously (39, 40) . Interestingly, more resting CD4 + T-cells that constitutively expressed IL-4 were identified in the blood of RRP patients, in comparison with controls (Fig 2) . In addition, culture of PBMC for 14 days had a minimal effect on the constitutive T-cell expression of IL-4, further showing an increased proportion of CD4 + T-cells that constitutively expressed IL-4 in patients with RRP compared with controls (Fig. 2) . Intracytoplasmic expression of IFN-c was also identified in PBMC from four patients and two controls, and was found to be comparable in both study populations (data not shown).
We have also identified the expression of IL-4 and IFN-c in CD4
+ T-cells isolated from papillomas (TILs) (Fig. 3A) , and identified IL-10 expression in PBMC from patients with RRP (Fig. 3B) . Clearly, CD4
+ T-cells expressing IL-4 are enriched in TILs, and IL-10-expressing CD4 + T-cells are also present in the PBMC of patients with RRP (Fig. 3B) . However, expression of IFN-c by CD4
+ T-cells in TILs was reduced. These results suggest that patients with RRP, unlike controls, have increased numbers of circulating CD4 + T-cells that constitutively express T H 2-like cytokines that likely downregulate T H 1-like T-cell function (55) .
Evidence of oligoclonality of CD4
+ and CD8 + T-cell Vb repertoires in TILs from papillomas. To determine if there was a clonally restricted T-cell repertoire present in papillomas, and if there was trafficking of T-cells between the peripheral blood and papillomas, we used a multiplex PCR assay for Vb, CDR3 length, to identify the 
+ Cytokine-specific RT-PCR was performed as described in detail (39, 40) using mRNA obtained from papillomas containing or lacking tumor-infiltrating lymphocytes (TILs containing T-cells identified by CD3d expression). Cytokine mRNA was assayed by RT-PCR and semiquantitatively measured by densitometry of the PCR products on agarose gel (40) . ), no expression; +, small mRNA expression; ++, moderate expression; +++, significant expression. + and CD8 + T-cells obtained from papilloma tissue and the blood was performed, as described previously (56, 57) , using 5¢-fluorescein-labeled primers for each of the TCR-Vb families by a fluorescent DNA scanning method (58) , and then analyzed using a DNA Sequencer (Applied Biosystems Inc, Foster City, CA, USA), shown as fluorescence intensity.(59) (Fig. 4) .
Oligoclonal, and in some instances, monoclonal T-cell subpopulations were found in both CD4 + and CD8 + Vb families in papillomas. A representative example of one of the spectratype experiments from a patient with severe RRP is shown in Fig. 4 . Of note, within the CD4 + TILs obtained from papillomas, there is evidence of dominant peaks (indicative of oligoclonality) in all four of the TCR-Vb families shown. While this was characteristic of all four patients, there was no common individual TCR-Vb family that was found to be oligoclonal for all four patients (data not shown). However, the CD4 + T-cells in PBMC from the same patient did not show oligoclonality. There is also evidence that the oligo ⁄ monoclonality of some TCR-Vb families in TILs is derived from the clones present in PBMC, specifically TCR-Vb5.1 and TCRVb5.2 (see Fig. 4 ). This CD4 Vb repertoire enrichment is unexpected in that normal individuals do not show this restriction (58) . This suggests that trafficking of CD4 + T-cell clones specific for HPV epitopes in papillomas likely occurs between the peripheral blood and papilloma tissue. Thus, the 'bio-selected' T-cell clones in TILs that are enriched in papillomas likely circulate in the peripheral blood. The CD4 + T-cells infiltrating into papillomas clearly have a highly restricted, oligoclonal T-cell repertoire, in stark contrast to the situation in PBMC of these patients.
Also shown in Fig. 4 are representative analyses of the TCR repertoire of the CD8 + T-cell + T-cells in the blood of RRP patients and controls that constitutively express IL-4 is shown. PBMC from patients with RRP (n = 4) and controls (n = 2) were studied at day 0 (p < 0.05), and some patients (n = 2), and controls (n = 2) were analyzed at day 14. Samples were processed for intracellular cytokine expression by standard methods. BONAGURA et al. population in the TILs present in papillomas and in the peripheral blood of a severe patient with RRP. Of note, there is also evidence of dominant peaks (TCR-Vb12 and TCR-Vb6) in the PBMC and the TILs, although the pattern of this oligoclonality differs in the two T-cell populations. The existence of oligoclonality in the CD8 + subset of PBMC is not unexpected, as this finding is characteristic of the normal CD8 + memory repertoire in PBMC (58) . However, it is again clearly evident that the repertoire of CD8 + TILs present in papillomas is distinct, albeit with selective overlap, from that found in PBMC from patients with RRP.
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Altered effector CD8
+ T-cell subpopulations in RRP. We previously showed that 2-week coincubation of PBMC with autologous papilloma tissue, containing HPV proteins, alters the ratio of CD8 + T-cell subpopulations in PBMC, as defined by their expression of the co-stimulatory molecule CD28 (39) . CD8 + 28 ) T-cells were enriched in papillomas compared with PBMC, and predicted disease severity. This suggests that the repertoire of effector CD8 + T-cells and their function are likely altered by HPV. This functionally diverse, T-cell subpopulation (60-62) may represent immature HPVspecific, T C 1-like CTLs, or they maybe T C 2-like suppressor cells (49, 63) responding to HPV, and generated by the enriched IL-4 and IL-10 microenvironment present in papillomas that we identified (39, 64) . In preliminary experiments, we stained CD8 + 28 ) T-cells for granzyme B and found them to express this C T 1-like enzyme (data not shown). Thus, these cells may be maturing C T 1-like T-cells, however, their cytolytic function remains to be determined.
Function induced by exposure to HPV-11, E6 protein. To determine if alloreactive T-cell responses could be altered by pre-exposure of PBMC to E6 proteins, we pulsed PBMC with recombinant E6 (40), or bovine serum albumin (BSA), prior to alloactivation in a mixed lymphocyte reaction (MLR). Alloactivated T-cells were then re-challenged 5 days later with the same HLA class I-, and class II-mismatched stimulator PBMC in a cell-mediated lympholysis (CML) assay. Allospecific CTL activity + T cells in TILs and PBMC from a representative RRP patient (n = 4) are shown. All patients showed oligo-and ⁄ or monoclonality in some T-cell families. CD8 data also showed oligo ⁄ monoclonality in some T-cell families (data not shown).
RRP: DEFECTS IN IMMUNE RESPONSE TO HPV-6 AND -11
Ó 2010 The Authors Journal Compilation Ó 2010 APMIS generated in CML assays was markedly reduced by PBMC exposure to E6, but not BSA, as measured by intercalation of the viability dye TO-PRO-3 iodide into the double-stranded DNA of PKH26-labeled HLA class I-and II-mismatched target cells, in a flow cytometric assay (Fig. 5) . CTL killing of HLA class I-and II-mismatched target cells, originally used as stimulators in the MLR, was reduced from 30% in experiments with no added E6 or BSA, to 5% when PBMC were pre-exposed to E6. Thus, E6 can suppress alloreactive CTL function, suggesting that some HPV proteins may suppress HPV-specific CTL responses.
Regulatory T-cell (Treg) expression in RRP.
There are at least two major types of regulatory T cells in humans: (i) natural Tregs (nTreg) (CD4 + CD25 + CD127 low Foxp3 + ) that are generated in the thymus that traffic into tissues, and can suppress in a contact-dependent, cytokine-independent and antigen non-specific manner, and (ii) adaptive or inducible Tregs (iTreg) that arise in the periphery and can become enriched in tissues. The latter likely consists of at least three subtypes: (a) Type I Tregs (Tr1) (CD4 + CD25 ) IL10 + Foxp3 low ⁄ ) ), which arise in a tolerogenic environment via an IL-10-dependent process, (b) Th3 cells which depend on IL-4 for functional differentiation, suppress by secretion of TGF-b, and do not classically express Foxp3, and (c) inducible Tregs, which express Foxp3, but can be induced in the periphery. Unfortunately, there is no marker that can definitively differentiate between these various types of iTregs (65) (66) (67) (68) (69) (70) . E6 inhibits alloreactive T-cell killing. PBMC from a representative patient (n = 3) with mild ⁄ moderate RRP were exposed to E6 or BSA for 20 h prior to mixing with HLA class I-and II-mismatched and irradiated PBMC in a MLR at an E:T ratio of 25:1. At day 6, T cells from the patient were re-challenged with PKH26-labeled PBMC from the same mismatched stimulator. Target cell death was detected using TO-PRO-3 iodide (TP3) (76, 95) . Density plots (upper right quadrant = dead target cells) (upper left = live targets), and the histograms, gated on PKH26 + targets, show a decreased number of dead target cells that incorporated TP3 with E6 exposure (5% killing), while maximum killing without E6 (data not shown) and BSA was 30%.
are indeed the naturally occurring Tregs or the FoxP3 + -inducible subgroup of Tregs (iTreg) (69) . iTregs that are CD4 + T-cells and differentiate into regulatory T-cells in an enriched TGF-b microenvironment may in fact be the Tregs we have observed in papillomas and represent de novo-generated regulatory T-cells derived from CD4 + T-cell precursors, specific for HPV epitopes, that only after contact with HPV peptides within papillomas differentiate into Tregs in the T H 2-like ⁄ regulatory cytokine microenvironment present in papillomas. Such T-cells would acquire the regulatory T-cell phenotype marked by Foxp3 expression (69) as a result of this exposure. In any case, the Tregs we have observed in papillomas likely play a major role in the immunosuppressive cycle of immunocytes that prevent effective anti-HPV-specific, T H 1-like function in papillomas and perpetuate chronic HPV infection and the relentless recurrence of papillomas in this disease.
Bias of innate immunity in RRP
Chemokine repertoire expression in RRP -The expression of chemokine repertoires in the blood of patients with RRP has been recently described (41, 44) . The T H 2-like chemokines CCL17, CCL18, and CCL22 were enriched in the serum of patients with RRP (41, 44), as measured by ELISA. In addition, using 12 matched pairs of papillomas and unaffected, autologous laryngeal tissues from patients with RRP, we observed that the mRNA for T H 1-like chemokines, CCL19 and CCL21, was down-regulated in papillomas, whereas the mRNA for the T H 2-like chemokine, CCL20, was markedly up-regulated (43) . Both the papilloma and the unaffected adjacent tissues from the majority of these patients also strongly express the T H 2-like chemokine CCL18. Thus, there is a biased expression of T H 2-like chemokines in papillomas consistent with the hypothesis that immature DCs and ⁄ or AAM/ are present in papillomas and likely express these chemokines. Therefore, this polarized chemokine microenvironment attracts and maintains, in part, immunosuppressive immunocytes present in papillomas, as shown in Fig. 1 .
Professional APCs (dendritic cells and Langerhans cells) -E6-specific T-cell memory has been commonly reported in HPV-exposed, asymptomatic controls, but not in actively infected patients (6) . Thus, the relatively unopposed IL-10 microenvironment present in papillomas (39, 40) could inhibit dendritic cell expression of the pro-inflammatory cytokines, IL-12 and IL-18, and thereby, prevent the development of anti-HPV, CTLs and CD4 + memory T H 1-like cells, and in contrast, support the maintenance of memory T H 2-like, and suppressor CD4 + T-cells, such as Tregs in RRP. HLA class IIexpressing DCs, likely to be mainly Langerhans cells (LCs) because of their strategic position in the epidermis (71), were commonly found among keratinocytes within HPV-infected papillomas (28) . The presence of these LCs in papillomas is shown in Fig. 6 . Of note, as LCs do not express IL-10 themselves, but can induce T-cells to do so by their expression of thymic stromal lymphopoietin (72) , it is possible that some of these cells may be immature myeloid DCs that when kept immature, express IL-10, and only upon maturation express IL-12 (73) . Thus, further study of whether DCs present in papillomas express IL-10 and are kept immature by HPV protein exposure is warranted.
Altered frequency of killer cell immunoglobulin-like receptor (KIR) gene haplotypes in RRP -We recently showed that the frequencies of KIR gene haplotypes of patients with RRP differed significantly from those of controls (45) . Specifically, the frequency of KIR haplotypes that lacked three activating KIR genes, KIR3DS1, KIR2DS1, KIR2DS5, predicted disease severity (45) . These findings also suggested that these activating KIR genes might be required to remove HPV-infected keratinocytes devoid of HLA class I gene expression (28) . Reduced or absence of HLA class I expression should prevent ligation of inhibitory KIR molecules on NK cells, thereby releasing the inhibition of NK cytolysis that is normally dominant in NK cells. This would permit the ligation of activating KIRs by viral epitopes in, or outside of, the context of HLA class I molecules (45) . and 13 controls. CD107a is a cell-surface marker that is transiently expressed after the release of cytolytic granules, and correlated with cytokine release and NK cytolysis (74, 75) . The K562 cell line, devoid of HLA class I molecules (76) , was used as NK target cells in this assay (Fig. 7) . A significant reduction of CD107a expression on NK cells was identified in patients with RRP, compared with controls (p = 0.044). Thus, defective cellular innate responses are present in RRP, and manifest as the failure of NK cells to be activated by target cells that lack HLA class I molecules (28) . Therefore, papillomas containing keratinocytes which have been shown to lack HLA class I expression (77) would not be cleared by NK cells that are present in papillomas (45) .
Immunogenetics of RRP
We hypothesize that RRP is a complex, multigene disease that polarizes adaptive and innate, HPV-specific immune responses that result in immune tolerance to these viruses and chronic infection. This disease appears to be governed by the enrichment of select HLA class II genes expressed by these patients (77) (78) (79) (80) , and the frequencies of KIR gene haplotypes (45) . In addition, select single nucleotide polymorphisms (SNPs) in the TAP gene have been identified (19, 81, 82) . Finally, the transcriptional profile in patients with RRP resembles genetic alterations seen in a variety of solid tumor malignancies, providing further support for this contention (43) .
HLA and KIR expression in RRP -To better understand the immune mechanism(s) that generate the suppressive microenvironment in papillomas, we have studied the genetic background of patients with RRP, and we have identified an enrichment of select HLA class II genes, specifically HLA-DRB1*0102, HLA-DRB1*0301, and HLA-DQB1*0201 in this disease (77) . We also found a significant difference in the frequencies of activating polymorphic KIR genes, specifically KIR3DS1, KIR2DS1, and KIR2DS5, as described above (45) . Taken together, the select HLA class II (39, 48, 49) and KIR haplotypes (45) in patients with RRP may explain the predisposition to impaired clearance of HPV-infected keratinocytes, and thereby prevent subsequent development of an effective adaptive response to these viruses. Further support for this hypothesis comes from the evidence that reduced IFN-c expression is associated with the expression of these HLA class II alleles (77) .
Identification of disease-associated genes -We have also identified differential expression of both immune and non-immune response genes in papillomas, compared with unaffected autologous laryngeal tissues from patients with RRP by gene array (43) . Previous studies (83) (84) (85) (86) examining individual prognostic indicators that participate in the development of RRP have recently been reviewed in detail (43) . Using matched pairs of laryngeal tissues, we identified differences in both adaptive and innate immune response gene expression, as well as the altered expression of multiple non-immune gene pathways that are reminiscent of those expressed by a variety of solid tumor malignancies (43) . In addition, our transcriptional analysis allowed for the confirmation of previous reports of disease-associated genes expressed in RRP (83) (84) (85) (86) and the identification of new immune and nonimmune-associated genes previously unrecognized in RRP (43) .
Towards developing a therapeutic vaccine for RRP
While multiple studies have begun to characterize the immunologic nature of this complex, multi-gene disease, little remains known about HPV-specific, innate signaling in RRP. Specifically, it is unknown what leads to polarization of innate and adaptive immune responses made by patients with RRP to HPV-6 and -11, which result in a selective tolerance to HPV. However, an attractive strategy to develop a therapeutic vaccine for RRP would be to reverse the T H 2-like ⁄ Treg polarization that results from the interactive cycle of suppressor immunocytes. This polarization leads to the relatively unopposed IL-4 and IL-10 microenvironment in papillomas (39, 40) , that is reminiscent of the microenvironment present in some malignant tumors (87, 88) . The immune micromilieu in papillomas permits HPV to evade T-cell immune clearance and leads to papilloma regrowth. The reversal of the IL-4-and IL-10-induced immune suppression in papillomas would probably restore IL-12, IL-18, and IFNc expression, and thereby lead to CTL infiltration, maturation, and effector function that would cause papilloma regression, as described in malignant tumors (88) .
To this end, we have begun to map T-cell epitopes within HPV-11 early proteins using the HLA class II alleles enriched in RRP (77), as labeled tetramers, to identify peptide-specific T cells from patients with RRP, and ultimately determine their polarization by identifying their cytokine repertoires (89, 90) . These studies are 
CONCLUSION
RRP is likely a disease that requires a repolarization of a complex repertoire of genes that coordinate HPV-and site-specific defects in the development of an effective immune response to HPV-6 and -11. RRP is in most cases limited to the larynx and manifests as a local, tissuespecific disease, involved in trafficking of immunocytes from papillomas into the systemic circulation, thus allowing measurement of some altered immune responses in the peripheral blood. This complex repertoire selectively induces a failure of innate and adaptive immunity that should clear HPV-6 and 11-infected keratinocytes from the upper airway. Additionally, patients with RRP appear to have normal responses to other pathogens, and their general immunophenotypes have been shown to be normal (28) .
In this communication, we provide a model for the inhibitory cycle of immunocytes that support the development of RRP (Fig. 1) . We summarize previously reported findings in RRP, and we provide further evidence that the adaptive immune response in RRP is clearly polarized towards a T H 2-like ⁄ T-regulatory phenotype. We present new evidence that there are more IL-4-expressing CD4
+ T-cells in the blood of patients with RRP, compared with controls (Fig. 2) , and that papillomas which contain T-cells dominantly express T H 2-like cytokines (Table 1 and Fig. 3 ), whereas biopsies of papilloma tissue which have relatively few T-cells express a more balanced T H 1-like ⁄ T-regulatory cytokine repertoire (Table 1) , thus, supporting our previous reports (39, 40) . We provide new evidence that the CD4 + and CD8 + T-cell Vb repertoires in papillomas are restricted (Fig. 4) compared to autologous blood, and that some of these oligoclonal T-cells probably traffic between papillomas and the blood of these patients.
In addition, we provide evidence that HPV-11 early protein E6 can suppress T-cell alloreactivity (Fig. 5) . We also show an enrichment of LCs in papillomas, which probably direct the local immune response (Fig. 6) . For the first time, we provide evidence that HLA class I-specific NK cytolysis in RRP patients is defective (Fig. 7) . The latter finding augments our previous report that there is a significant difference in the frequencies of activating KIR gene haplotypes in RRP (45) , and supports the contention that defective innate function is a predisposing element in this disease. These findings require further investigation to understand how the innate responses to HPV polarize adaptive T-cell responses away from effective HPV clearance of HPV in respiratory tissues.
In an attempt to generate an effective therapeutic vaccine for patients with RRP, we and others have studied the role of HPV early proteins in polarizing the adaptive immune responses of patients with RRP. Specifically, E6 and E2 have been shown to play an important role in HPVspecific immune responses (6, 39, 40, 93, 94) . We have begun to map T-cell epitopes within HPV early proteins to determine, in the context of select HLA class II alleles enriched in RRP (77), the repertoire of cytokines expressed by T-cells recognizing these peptides. These studies should throw light on HPV peptides that may support or inhibit effective T H 1-like responses to HPV-6 and -11 epitopes in the context of these and other HLA class II alleles expressed in patients with RRP. Ultimately, an effective therapeutic vaccine for RRP must provide long-term re-polarization of both the innate and adaptive immune responses made by patients with RRP to HPV-6 and -11 to reduce disease severity and potentially cure this chronic disease.
Much has been studied about the immunology associated with RRP, yet much remains unanswered about how different HPVs manipulate the immune responses of individuals who develop chronic HPV-induced diseases. If novel therapies are to be developed to treat RRP and other HPV-induced diseases, such as cervical cancer, the immunologic basis that explains why some HPV-infected individuals develop chronic disease while others do not needs to be completely understood. This knowledge will be BONAGURA et al.
